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FOREWORD 


This  report  was  prepared  by  the  Evaluation  Section  of  the  Engine 
Research  Branch  and  covers  TRW  development  injector  tests  under  in-house 
Project  305807KRM,  "Injector /Chamber  Scaling  Evaluation."  This  project 
is  under  the  technical  direction  of  Howard  V.  Main,  Minimum  Cost  Design 
Space  Launch  Vehicle  Program  Manager.  Others  participating  in  the  pro¬ 
ject  include  Messrs.  E.E.  Stein,  Branch  Chief;  B.  Bornhorst,  TCA 
Scaling  Project  Manager;  M.  Powell,  principal  project  engineer;  R.  Silver, 

Lt  D.  Grimes,  Lt  P.  Powell,  Lt  M.  Fleiszar,  Lt  C.  Ferguson,  Sgt  D.  Sasser, 
and  Amn  G.  Gunderson. 

Additional  co-authors  of  this  technical  report  are  Sgt  D.  Sasser  and 
Amn  G.  Gunderson. 


This  report  has  been^reviewed  and  is  approved: 


L^LTAKTH.  LAWRENCE 
Asst  Chief,  Liquid  Rocket  Division 
Air  Force  Rocket  Propulsion  Laboratory 


This  technical  report  has  been  reviewed  and  is  approved: 


■/  /  '* 


/HOWARD  V.  MAIN 
Program  Manager 


ii 

CONFIDENTIAL 

(This  page  is  unclassified) 


CONFIDENTIAL 


CONFIDENTIAL  ABSTRACT 


(C)  This  report  describes  the  results  of  TRW  injector  development 
tests  conducted  at  the  Air  Force  Rocket  Propulsion  Laboratory's  High- 
Thrust  Facility,  Area  1-56,  under  Project  305807KRM,  "Injector /Chamber 
Scaling  Evaluation. 11  This  project,  a  task  under  the  overall  Minimum  Cost 
Design  Space  Launch  Vehicle  (MCD/SLV)  Program,  has  as  a  goal  the 
development  of  low-cost  injectors  capable  of  performing  at  90  percent 
theoretical  Isp  (shifting),  250,  000-pound  thrust  using  N2O4/UDMH  propellants, 
and  will  evaluate  their  scalability  up  to  the  multimillion -lb -thrust  class. 

(U)  A  total  of  36  development  tests  were  conducted  from  6  December 
1968  through  26  February  1969.  During  this  test  phase,  several  design 
configurations  were  evaluated  which  provided  design  data  for  demonstration 
injector  tests  scheduled  to  occur  later  in  the  project. 

(C)  A  total  of  seven  injector  and  three  chamber  configurations  were 
tested.  Maximum  performance  obtained  was  approximately  88  percent  of 
test  site  theoretical  shifting  Isp  (90  percent  vacuum  Isp).  Dynamic  com¬ 
bustion  characteristics  of  this  concept  were  evaluated  by  artificially  inducing 
chamber  pressure  overpressures  of  100  percent  or  greater.  In  all  tests, 
chamber  pressure  recovered  to  within  10  percent  of  the  original  value 
within  30  to  40  milliseconds,  and  the  engine  is  considered  dynamically 
stable. 
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SECTION  I 
INTRODUCTION 

(U)  Current  and  projected  Air  Force  mission  analyses  indicate  that  a 
family  of  launch  vehicles  can  be  developed  which  are  significantly  more 
cost  effective  than  current  generation  vehicles.  Space  and  Missile  Systems 
Organization  (SAMSO)/'Air  Force  Rocket  Propulsion  Laboratory  (AFRPL) 
studies  (Reference  1)  identified  several  key  technology  areas  that  need  to 
be  demonstrated  to  show  the  feasibility  of  a  low- cost  launch  vehicle.  The 
most  critical  technology  area  identified  was  the  demonstration  of  a  simpli¬ 
fied  low-cost  injector /chamber  concept  which  is  dynamically  stable, 
durable,  can  deliver  required  performance  and  canbe  scaled  to  multimillion- 
pound- thrust  levels.  To  demonstrate  this  technology  the  AFRPL  initiated 
an  in-house  project,  "Injector /Chamber  Scaling  Evaluation",  in  which  two 
low-cost  injector  concepts  and  hardware,  obtained  under  contract,  are 
being  tested  and  evaluated.  The  High  Thrust  Facility,  1-56,  was  selected 
for  this  project. 

(U)  This  experimental/developmental  project  consists  of  two  tasks: 

(1)  Task  I  -  250,  000-ibf -thrust  Injector /Chamber  Test  Hardware;  and  (2) 
Task  II  -  250,  000-lbf-thrust  Long-Distance  Chamber  Hardware.  In  Task  I, 
TRW  provided  AFRPL  a  contractor- owned  thrust  chamber  assembly  for 
facility  checkout.  The  results  are  reported  in  Reference  2.  TRW  then 
designed,  under  AFRPL  Contract  F04611-68-C-0085,  a  development 
injector  to  permit  investigation  of  the  effects  of  variations  in  critical 
geometric  and  hydraulic  parameters  on  performance  of  a  single- element, 
coaxial  injector.  The  development  injector  used  replaceable  fuel  orifice 
rings  and  oxidizer  pintle  orifices.  The  contractor  and  AFRPL  improved 
and  refined  the  development  injector  configuration  to  provide  basic  design 
data  for  the  Task  II  demonstration  injectors.  In  Task  II,  three  250,  000-lb 
long-duration  ablative- lined  thrust  chanbers  willbe  fabricated  and  fired  with 
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three  demonstration  injectors  to  demonstrate  thrust  chamber  durability  and 
determine  sensitivity  of  injector  performance  to  low-cost  manufacturing 
methods.  A  similar  sequence  of  events  is  being  pursued  with  an  alternate 
injector  design  provided  by  Rocketdyne  Division  of  North  American  Rockwell 
under  AFRPD  Contract  F04611-69-C-0009. 

(U)  This  report  includes  a  description  of  the  Facility  used  and  the  results 
of  the  TRW  Task  I  development  injector  hot- firing  tests.  Performance 
stability,  and  thermal  data  were  acquired  which  will  provide  the  necessary 
design  data  for  the  demonstration  injector. 
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SECTION  II 

FACILITY  DESCRIPTION 


1.  GENERAL 

(U)  The  "Injector/ Chamber  Scaling  Evaluation"  project  hot-firing 
tests  are  being  conducted  at  the  AFRPL  High- Thrust  Facility,  Test 
Stand  1-56.  This  facility  was  chosen  for  its  remote  location,  high-thrust 
capability,  and  excellent  instrumentation  systems. 

2.  BUILDUP 

(U)  The  original  high-pressure  LO2/LH2  test  system  has  been  modi¬ 
fied  for  the  N^O^/UDMH  propellants  used  in  the  Minimum  Cost  Design 
Program.  All  incompatible  valves  and  fittings  were  replaced  with 
suitable  components.  Minor  modifications  were  required  to  adapt  the 
run  tanks,  GN^  pressure  system,  and  the  thrust  measuring  system.  The 
cryogenic  run  lines  and  control  valves  were  removed  and  larger  stainless 
steel  lines  and  valves  installed.  The  system  schematic  is  shown  in 
Figure  1. 

3.  TECHNICAL  DESCRIPTION 

a.  Mechanical 

(1)  Nitrogen  System 

(U)  The  stand  is  equipped  with  a  6000-psi  nitrogen  storage 
system  for  valve  actuation,  line  and  engine  purging,  and  run-tank 
pressurization.  GN^  is  supplied  by  a  cross-country  line  and  by  a  liquid 
nitrogen  storage  and  gas  conversion  system  on  the  stand. 

(2)  Hydraulic  System 

(U)  The  stand  is  equipped  with  a  3000- psi  hydraulic  system 
which  actuates  the  servo- controlled  run-tank-pressurizing  valves  and 
propellant- control  (start)  valves. 

3/4 


UNCLASSIFIED 


UNCLA 


UNCLASSIFIED 


.  System  Schematic,  Low  Cost  Booster,  Test  Stand  1-56 
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(3)  Propellant  Tanks 

(U)  The  stainless  steel  run  tanks  are  rated  at  6000  psi  with 
an  oxidizer  capacity  of  1200  gallons  and  a  fuel  capacity  of  3800  gallons, 
providing  firing  durations  up  to  10  seconds  at  250,  000  pounds  thrust. 

(U)  Two  minor  modifications  were  made  to  the  oxidizer  run 
tank  during  the  development  tests.  Due  to  pressure  oscillations,  the 
pressure  transducer,  formerly  at  the  bottom  of  the  tank,  was  installed 
in  the  body  of  the  pressurization  valve.  Then,  due  to  poor  response  time, 
the  transducer  was  relocated  to  the  bottom  of  the  tank,  but  was  attached 
to  a  long  tube  inserted  through  the  exit  elbow  and  into  the  propellant. 

This  final  modification  adequately  solved  the  problem. 

(4)  Propellant  Lines  and  Valves 

(U)  Propellant  run  lines  for  the  system  are  6-inch  diameter, 
schedule  40  stainless  steel  for  UDMH,  and  8-inch  diameter  for  N^O^. 

The  engine  start  valves  are  hydraulic  servo- controlled  units  which  can 
be  used  to  control  valve  stem  position,  flow  rate,  mixture  ratio,  or 
chamber  pressure  over  the  required  programmed  contours. 

(5)  Thrust  Stand 

(U)  The  thrust  stand  is  rated  300,  000  pounds  thrust  and 
includes  a  hydraulic  calibration  system.  The  overall  thrust  measurement 
accuracy  is  equal  to  or  less  than  ±1%  of  the  250,  000-lb  calibration  range. 
Nonlinearity  and  hysteresis  are  less  than  0.  5%. 

(U)  Prior  to  the  development  firings,  a  new  thrust  mount 
was  installed  which  would  facilitate  installation  of  either  contractor's 
hardware. 
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b.  Instrumentation. 

(U)  Recorded  parameters  which  show  engine  performance  are 
listed  below: 


Location/ Parameter 

„  .  No.  of 

Description  channels 

Frequency- 

Response 

Chamber  Pressure 

0-500  psi 

3 

0-400  Hz 

Chamber  Pressure 

0-750  psi  photocon  4 

0-10,  000  Hz 

Engine  Thrust 

0-250,  000  lbf 

2 

0-400  Hz 

Chamber  Temperature 

T  inside  wall  gas 
(NANMAC) 

4° 

0-100  Hz 

Chamber  Temperature 

T  outside  wall  ] 

UDMH  Injector  Pressure 

0-500  psi 

2 

0-400  Hz 

UDMH  Injector  Pressure 

0-750  psi  photocon  1 

0-10, 000  Hz 

Injector  Pressure 

0-500  psi 

2 

0-400  Hz 

Injector  Pressure 

0-750  psi  photocon  1 

0-10, 000  Hz 

UDMH  Line  Flow  rate 

0-3000  gpm 

2 

0-400  Hz 

Line  Flow  rate 

0-4000  gpm 

2 

0-400  Hz 

UDMH  Line  Pressure 

0-1000  psi 

1 

0-400  Hz 

Line  Pressure 

0-1000  psi 

1 

0-400  Hz 

UDMH  Tank  Pressure 

0-1000  psi 

1 

0-400  Hz 

N-O.  Tank  Pressure 

2  4 

0-1000  psi 

1 

0-400  Hz 

UDMH  Line  Temp 

0-  100°F 

1 

0-100  Hz 

Line  Temp 

0- 100°F 

1 

0-100  Hz 

UDMH  Tank  Temp 

0-1 00°F 

1 

0-100  Hz 

Tank  Temp 

0-  100°F 

1 

0-100  Hz 
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c.  Data  Acquisition. 

(U)  The  majority  of  low-frequency  data  is  processed  by  an  analog 
to  the  digital  converter  and  digital  tape  recording  systems  for  direct  input 
to  computerized  data  analysis  and  processing  programs.  High-frequency 
data  is  recorded  by  an  FM  tape  recording  system  for  later  analysis,  while 
multiple  graphic  recorders,  a  36- channel  direct  printout  oscillograph 
recorder,  and  a  100-channel  binary  switch  recorder  provide  data  for 
immediate  spot  checks  and  system  sequencing.  Visual  data  is  acquired  by 
remote  unrecorded  TV  monitors  and  by  remote  high-  and  low- speed  color 
film  cameras.  All  recorders  are  time- synchronized  by  a  pulse  code  time 
trace,  and  all  timed  events  are  controlled  by  a  pulse-code-based  countdown 
programmer. 

d.  Emergency  Control  Functions. 

(U)  Automatic  shutoff  and  control  devices  include  three  RCC  high- 
frequency  accelerometer  cutoff  systems,  mixture  ratio  computer,  and 
shutoff  function,  high-  and  low-pressure  cutoffs,  and  high-temperature 
cutoff.  The  stand  has  a  one- million- gallon  water  storage  tank  which  gravity- 
feeds  the  fail  wet/fail  dry  firex  system,  flame  deflector,  safety  shower, 
and  facility  water  systems. 
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SECTION  III 

HARDWARE  DESCRIPTION 

(U)  The  hardware  used  during  the  development  firings  was  obtained  under 
Contract  F0461 1-68-C-0085  from  TRW  Systems.  All  hardware  fabrication 
was  subcontracted  to  nonaerospace  commercial  fabrication  shops  to 
demonstrate  the  feasibility  of  significantly  reducing  fabrication  costs. 

Actual  fabrication  costs  (without  TRW  overhead  rate)  for  the  development 
injector  were  approximately  $4,  700,  with  a  cost  per  pound  of  weight  of 
$3.  10.  Because  a  significant  portion  of  the  cost  was  in  machining  the 
threads  required  for  the  replaceable  oxidizer  rings,  a  flight-type  injector 
would  have  a  significantly  lower  cost.  The  original  development  thrust 
chamber,  DEV-1,  cost  $4,  575  for  an  approximate  cost  per  pound  of  weight 
of  $2.  20. 

(C)  The  development  injector  assembly  is  shown  in  Figure  2.  The  injector 
has  a  centrally  located  coaxial  pintle  element  where  the  fuel  enters  an 
annular  manifold  and  then  flows  down  an  outer  annulus  before  being  injected 
as  a  continuous  annular  sheet.  The  oxidizer  enters  the  injector  through  a 
single  central  inlet  and  flows  axially  before  being  turned  90°  and  flowing 
radially  outward  through  a  series  of  orifices.  The  oxidizer  jets  impinge 
with  the  fuel  sheet  at  the  outlet  of  the  oxidizer  orifice.  The  purpose  of 
the  smaller  secondary  orifices,  which  flow  approximately  10%  of  the 
oxidizer  flow  rate,  is  to  force  the  portion  of  fuel  sheet  not  impinging  on  the 
primary  orifices  into  the  lower  portion  of  the  primary  oxidizer  orifices. 
Another  critical  configuration  parameter  which  has  an  effect  on  performance 
is  the  percent  of  fuel  sheet  blocked  by  oxidizer,  both  primary  and  secondary. 

(U)  The  fuel  sheet  blockage  is  calculated  from: 

W  +  W 

%  fuel  blockage  =  — - - —  X  100 

UW 
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(U)  Table  1  characterizes  the  oxidizer  and  fuel  rings,  and  Figures  3  to  7 
depict  the  modifications  made  to  the  oxidizer  orifices. 

(U)  The  thrust  chamber  (DEV-1)  used  during  tests  11  through  32  is  shown 
in  Figure  8.  The  nozzle  has  a  contraction  ratio  of  2.  22,  an  L*  of  77  inches, 
an  expansion  ratio  of  4.  01,  and  a  divergence  half  angle  of  15°.  The  chamber 
used  during  the  checkout  firings,  1  through  10,  was  modified  by  adding  a 
12-inch-long  cylindrical  section  to  the  combustion  chamber  and  extending 
the  expansion  ratio  to  4.  1.  This  assembly  (CHK-1A)  was  used  during  tests 
33  and  34  and  is  12  inches  longer  than  tne  DEV-1  chamber.  The  nozzle  has 
a  contraction  ratio  of  2.09,  an  L*  of  ll>5  inches,  and  a  divergence  half 
angle  of  20°.  Chamber  DEV-1  was  modified  by  adding  a  24-inch-long 
cylindrical  section  to  the  combustion  chamber.  This  configuration  (DEV-1A) 
was  used  during  tests  35  through  46.  The  nozzle  has  a  contraction  ratio  of 
2.  21,  an  L*  of.  130  inches,  an  expansion  ratio  of  4.  0,  and  a  divergence 
half  angle  of  15°. 

(U)  The  L*  parameter  was  calculated  from: 
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(U)  TABLE  I.  CRITICAL  DIMENSIONS  OF  THE  OXIDIZER 
AND  FUEL  RINGS  OF  THE  TRW 
DEVELOPMENT  INJECTOR 


DESCRIPTION 

AREAS 

1 

36  primary  orifices 

36  secondary  orifices 

Fuel  blockage  50% 

11.  95  in? 
1.44  in 

1A 

36  primary  orifices 

36  secondary  orifices 

Fuel  blockage  60% 

13.  09  in2 
1.44  in 

IB 

36  primary  orifices 

36  secondary  orifices 

Fuel  blockage  60% 

13.  09  in? 
1.74  in 

2 

48  primary  orifices 

48  secondary  orifices 

Fuel  blockage  67% 

12. 6 1  in? 

1.  oo  m 

3 

36  primary  orifices 

36  secondary  orifices 

Fuel  blockage  67% 

12.  79  in? 
1.24  in 

A 

*2 

36  primary  orifices 

36  secondary  orifices 

Fuel  blockage  62% 

Flow  straightener  ring 
Relocate  secondary  orifices 

13.28  in? 
1.45  in 

FUEL  RING  NO. 

DESCRIPTION 

AREAS 

1 

Annular  orifice 

Fuel  gap  0.  246  inch 

10.  05  in2 

2 

Annular  orifice 

Fuel  gap  0.  2  01  inch 

8.05  in2 
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Figure  6.  Oxidizer  Ring  3  Orifice  Configuration 
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Figure  7.  Oxidizer  Ring  4  Orifice  Configuration 
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where  CR  =  contraction  ratio 

L  =  distance  between  impingement  point  and 
end  of  cylindrical  section 

h  =  distance  between  end  of  cylindrical 
section  and  throat 

(U)  The  development  injector  and  thrust  chamber  design  is  based  upon  and 
scaled  from  the  TRW  Lunar  Excursion  Module  (LEM)  descent  engine.  The 
original  oxidizer  orifice  configuration,  Oxidizer  Ring  1,  had  the  same  fuel 
sheet  blockage,  percent  secondary  oxidizer  flow  rate,  and  secondary 
oxidizer  orifice  setback  as  the  LEM  engine.  The  orifices  were  not  scaled 
geometrically  due  to  propellant  and  operating  condition  differences.  The 
fuel  sheet  thickness  had  been  originally  scaled  to  maintain  the  same 
APq/AP^  ratio  as  the  LEM  engine  but  the  results  of  the  test  program 
reported  in  Reference  3  indicated  that  the  pressure  ratio  should  be  larger 
for  the  N^O^/UDMH  propellant  combination,  therefore,  the  original 
development  injector  fuel  sheet  was  sized  for  this  larger  pressure  ratio. 

(U)  The  chamber  configuration  was  also  scaled  from  the  LEM  engine 
(see  Figure  9).  Although  the  DEV-1  chamber  did  not  have  as  large  an 
Lch^ch  as  t*1G  LEM  engine  (L/D  =  1.38)  the  subsequent  length  additions 
to  the  development  chamber  did  increase  the  L/D  to  values  greater  than 
the  LEM  value.  The  L/D  is  defined  as  the  length  from  the  impingement 
point  to  the  throat  divided  by  the  chamber  diameter. 

(U)  According  to  the  TRW  scaling  criteria,  all  the  development  injector 
and  thrust  chamber  dimensions  can  be  scaled  to  other  thrust  levels  by 
using  the  relationship: 

L  (or  O)250^  000  lb^  ^250,  000  lbf 
L  (or  D)  F 
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Figure  9.  TRW  Development  Hardware  Mounted  to  Test  Stand  1-56 


Figure  10.  Instrumentation  Assembly,  250,  000-lb 
Development  Engine  (DEV-1) 
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Figure  11.  Thermocouple  Location  for  the  DEV-1  Thrust  Chamber 
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“1  SECTION  E-E 

Figure  12.  Thermocouple  Location  for  the  CHK-1A  Thrust  Chamber 
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SECTION  IV 

INJECTOR  EVALUATION 

(U)  A  total  of  36  tests  were  conducted  during  the  development  phase. 
Propellants  used  during  the  testing  were  N^O^/UDMH.  The  chamber 
pressure  range  was  from  250  psia  to  325  psia,  and  the  mixture  ratio  range 
was  from  1. 70  to  3.  0. 

(U)  The  instrumentation  used  during  this  testing  consisted  of  both  low-  and 
high-frequency  transducers  described  in  the  facility  portion  of  this  report. 
NANMAC  surface  thermocouples  were  located  at  selected  places  on  the 
chamber  to  determine  the  thermal  environment.  Nondirectional  bombs 
radial  and  tangential  pulse  guns  were  utilized  to  induce  chamber  pressure 
overpressures  for  dynamic  combustion  stability  rating.  The  non-directional 
bombs  consisted  of  a  nylon  housing  which  contained  40-,  80-,  and  120-grain 
charges  of  C-4,  a  plastic  explosive,  and  were  triggered  by  a  Dupont  E-83 
electric  detonator  containing  1 30  5  grains  of  PETN.  The  pulse  guns  were 
assembled  with  burst  diaphragms  rated  at  2000  psi  and  contained  40  to  80 
grains  of  Hercules'  Bullseye  pistol  powder  (see  Reference  3).  Figures  2 
and  10  through  13  show  the  locations  of  the  instrumentation  used  for  this 
test  phase. 

1 .  PERFORMANCE 

(U)  Table  II  gives  a  summary  of  the  test  results.  The  theoretical  shifting 
equilibrium  specific  impulse  is  shown  in  Figure  14.  This  data  was  obtained 
from  standard  thermochemical  calculations.  The  theoretical  specific 
impulse  is  for  a  4:1  expansion  ratio  nozzle  expanding  to  13.2  psia,  the 
nominal  test  stand  ambient  pressure.  The  delivered  specific  impulse  was 
computed  from  the  measured  thrust  and  flow  rates.  The  characteristic 
velocity  was  calculated  from  the  equation 

Po*  A  g 

C*  =  - — 

wt 
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TABLE  II.  (U)  SUMMARY  OF  HOT  FIRING  DATA 


'  - - 

wqx 

MR 

AP 

On!  cc 
F>icl 

Al> 

Orifice 

Oxid 

AP 

Engine 

Fuel 

AP 

Engine 

Oxid 

n 

Is? 

Theoreti¬ 

cal 

%  I*p 

C* 

Delivered 
(INJ  END) 

c* 

Delivered 

(Nozzle 

nrn^ni 

INJ  END 

JHTTT 

2] 

TfWrW* 1 

Ct2 

(Nozzle 

%c{ 

INJ  END 

■Tf  ^m 

■m 

MSMKHrn 

■nnvTMA 

■.if 

MT?«M 

SEC 

■77ET7JM 

■rrvi^5r«ai 

■MIMI 

MMI 

MMMMI 

■■■■ 

■■HI 

HHMI^M 

^bbb^^m 

■■MMM 

B^MM 

^ ■ 

^ ■ 

^ M 

M— ^M 

MMMM 

■MB 

^— ■— — 

D 

745 .  _ 

315 

54.0 

.  165.3 

87.  2 

■u*a 

■Tfltn 

■turn 

66.6 

H^TSM 

■MtiffM 

■Et.ff 

71.4 

71.9 

1.31 

1.36 

93.2 

A 

601 

— 

■n|ni 

52.8. 

110.8 

93.2 

■7CTTO 

8*.  <■ 

■i'Ti'.M 

■Etium 

WK&fxm 

89.6 

89.9 

1.32 

1.37 

94.6 

hki 

5 

71! 

vmmzmm 

■PQITRM 

58LL 

_ 9.9.  J_ 

■  LUM 

■SSm 

■men 

81.3- 

Htm 

■'i  1 1  ■ 

m 

85.0 

86.2 

1.36 

1.36 

95.6 

95.0 

i 

7!7 

.35-! 

— 'Kf 

56.  5 

146.  6 

■MEIUNFM 

mn 

■mm 

■mm 

74.4 

■■wn 

■MTTTM 

—  M  1  ■ 

83.3 

83.6 

1.35 

1. 36 

96.4 

94.6 

6 

714 

_ 333 _ 

2.02.. 

5o  7 

-  166.5- 

■■nni 

Mmm 

ML-VJMR 

■Micr-i 

78.  4 

■ran 

■tm 

—  iif 

83.2 

83.4 

1.34 

1.33 

—  94.2  . 

93.6 

«oo  .... 

MU 

.—  *sL*— 

177-3 

■UM 

MNTIJTM 

■mm 

■tmti 

MrTM 

■TTFM 

■  Ml  ■ 

—TYf 

_ 28.1  — 

78.3 

_ H3S 

1.  34 

93.9 

93.4 

662 

■« 

! .  70 

1  18.0 

_ 116.9 

—IX— 

MKFCTTM 

MttHFM 

mam m 

ssmsmm 

K  1  1 1  ■ 

■  mi 

MtUH 

— vmm 

■— 

MMM 

1.33 

46.  6 

■M,  J  ■  ■ 

770 

2«f» 

2 . 6*i 

*,r  4 

—  1  1  PI  ■ 

■■tHER 

MII1.M 

MM 

■mem 

81. S  _ 

TTM 

—  iif 

MMUiRM 

wmm-m 

88.1 

1.34 

93.9 

MMEHEM 

r — 

76! 

331 

>  ig 

87.2 

*36.8 

wmttmm 

MMEUWM 

■m 

_ 1 U~G_ 

MMCTCTM 

_ 5111 

MEffM 

_ 87.2._ 

90-  1 

_ 1-39 

.  ,4 

96.  5 

■MTU  ■ 

r— 

783 

308 

?  i*3 

/  6.  ^ 

i  >7.  2 

MTiTMl 

MTT3CTR 

■mm 

nnii 

■  81.$, 

MMT7TM 

^Kf^SM 

_ 89.  6 

-88.1— 

1-32 

1.34 

90.9 

mmstM 

862 

286 

3.  0! 

59.  3 

MCEH3I 

mm* 

MK&MM 

HIM 

MM 

77.3 

■  II  ■ 

tmmm 

MfftM 

—  in  ■ 

wmmm 

1.35 

1.34 

MMEERBM 

■KiHl 

654 

275 

■MHEM 

61.1 

Mi  111  Hi 

■Ksa 

wmsEsm 

—mum 

—reimi 

83.  5 

MHBM 

MEM 

M  1  1  IM 

87.6 

MMHMM 

l.?$ 

-1.34 . 

■Km 

—rinai 

64* 

246 

mmmum 

_ 112L 

_ 93.1- 

70.  3 

MLLJ1JH 

WEsmm 

HIM 

82.  i 

MMEBEM 

»MflM 

—  him 

MEEK— 

■MMM 

\.U 

1.33 

94.6 

93.9  1 

682 

29! 

— mb— 

MEfflEM 

MMm 

97.  3 

1  37  4 

KM 

■mm 

_ 81..9 — 

H^FTTTFM 

MHrnrM 

MM^HH 

.  85.9 

86.9... 

1.  36 

1.34 

9  5.2 

93.7 

5 

797 

287 

■BKBWI 

MMBBM 

MBCEMM 

43  4 

_!78.  1 

■im 

■mm 

MK7WM 

MMT77M 

Ml  I  I M 

— 1 TTTM 

_ 86. 2 — 

86.9 

1.36. 

1.34 

93.  5 

HKEHX 

, 

■OM 

i..l  4 

47  1 

_ ! 73. 8 — 

MK 

■M?*M 

—  him 

—  him 

MMM 

mmimm 

MEEJViM 

1.37 

».  36 

94.  5 

MKH 

843 

_ &a 

— ■ 

MKETMM 

92.8 

MM 

■nxn 

■mm 

73.  1 

MESSM 

M  II  M 

MBTEM 

79.2 

80.  1 

1.33 

1.31 

—Kit— 

£ 

672 

254 

3.-5 

62.0 

■RTTHM 

74.0 

"7.» 

■nffil 

■ram 

78.9 

MKL53M 

MKIiLXM 

WMZ5EM 

82.6 

83.6 

■DM 

1.33 

— T— 

MMfflai 

729 

249 

IMBITM 

MMI 

mmm 

mm 

mm 

83.7 

MMEH  TM 

MB3-HM 

■M^££9M 

89.8 

MWIB 

1.34 

■—  1 II  — 

744 

-296 

memm 

MHEHM 

Mil  IW 

■  IIH 

MCiW-M 

HIM 

■uaua 

83.4 

MM  1 II  ■ 

■B3EM 

—  1 1 1  ■ 

87.5 

89.2 

1.38 

1.  33 

MIHR 

* 

7!  8  ... 

_  J15  ....  ... 

mmmm 

mmsewbmi 

MTW 

■I1*  1 

■Bn 

mxi 

mini 

86.9 

MMEBM 

5170 

5673 

88.7 

91.1 

1.39 

1.35 

96.9 

■M  1  H  ■ 

73! 

_ ISA _ 

mm 

Iktothtir 

mmodiem 

— cix» 

MTFfWm 

■turn 

mm 

MMTTi 

M  1 II  ■ 

1LliM«M 

MMassaM 

■gag— 

MEIflDM 

■■SEMI 

1.34 

97.2 

MKHH 

834 

■■FuEM 

3.-7*. 

_ 7&JL-, 

■ran 

— i  ~n  ■ 

■cm 

■m 

■men 

MMSHBM 

tm  i  ii  ■ 

■E^EM 

MMKM 

90.3 

■■HIM 

1.34 

91.9 

■M  i  ll  ■ 

. 

764 

mmrtmm 

.....  2.37 

*M.  6 

I2.9JL 

■can 

■HIM 

■UlROi 

■mm 

83.2 

mmegiem 

HSM 

MMTTVM 

ME— 

89.  5 

Mil  1  M 

1.  34 

93.2 

HKM 

. 

699 

mmmmm 

- 

mi  in  ■ 

■ran 

■ran 

■ITWM 

1 1 II  ■ 

—  1 11  M 

MBEM 

MKBBM 

KIM 

1.36 

1.36 

94.  1 

■MTM’M 

1 

769 

_ 292 _ 

2.63 .  7.1.  0. 

_ 1 52.-7 

■tail 

■im 

Mmm 

■EMM 

M^KIEM 

■IM 

MM ill. M 

—  HIM 

^KEH— 

84.  1 

■KM 

1-36 

96.9 

MKEMI 

738..-- 

MM 

2-  38  |  84..A. 

MMFE9VM 

■roam 

■mm 

■+-'■»■ 

Kara 

IMLtfti 

.HI  If 

9Sgm 

■BOM 

91.4 

92.9 

1.39 

1  .  37 

96.2 

mmrwu 

720 

MM 

. 2.2-2— 

■HUH 

■Rxa 

Bnin 

mm 

■UUI 

m mmm 

MKFESM 

MM^lM 

—'1 1  l"M 

■KLIQM 

tmixm 

MMM 

1-37 

97.  1 

94.  1 

& 

750 _ 

_ 2S8 _ 

I?.l— XL— 

—nil 

— Hitf 

MM 

■uni-i 

_ MJI 

■HTTFM 

MMiSZSMi 

M11TMI 

— nrnM 

wmjwmm 

HIM 

Bgg 

1  .  !8 

96.  8 

_ 3±JL- 

1 - 

734  __ 

_ Hi _ 

290 

_ 

■BB^SxS 
— IB3*» 

■ran 

HEM 

■4»Jf» 

MET MM 

MK5IZM 

HMTfHM 

90.2 

- UM> - 

- - 

- 94_3u. 

mm 

767 

270 

2.83 

'>4.  (» 

i  52.6 

—  1  If 

165.5 

mm 

■UiMil 

MKSEM 

MKEHQH 

MBLUM 

5775 

91.1 

1739 

1. 37 

95.5 

■MITIM 

75! 

297 

2.  55 

7*1  7 

120.7 

Mil  II  ■ 

■BM 

■HlWtilM 

88.  7 

MHBXfMM 

■QZ£M 

M2. 2 

"9J.W“ 

1.40 

—  1.38 . 

96.  3 

am 

779  ___ 

MTMI 

»  6  3 

MBXMM 

RRH^M^H 

— im ■ 

■I'l'K'M 

■ram 

7?-? 

MTTTM 

f  TilrM 

MMTHM 

— tmmm 

■K£f«M 

—HEM 

1-35. 

...  95.8 

MINM 

800 

_ m  ... 

r  iUi — 

86.  8 

■MfPJM 

—  1  IW  ■ 

mn 

■  IW 

MTEnim 

■HMI 

■MilWW 

m  wm  i  ■ 

72.6 

Ml  TIM 

MBHMI 

MMSEEM 

—TTIMI 

■E££M 

■MBM 

MglB 

_ LJ5 _ 

-5.6.J  . 

■71  '■ 

_ 221 - 

- XX— L— 

SSmmm 

,  . 

Smmmhh 

Sifi— 

_ 1*26  ., 

— mi _ 

p 

_ 

. 

r — 

MBRMRMM 

HMMI 

- - 

■MRRRM 

mmmmm 

IMMI 

wm^m^m 

■MMI 

MMH 

■MIM^H 

MMM 

MMMMM 

^^^MiM| 

MMMMMM 

tmmmt^m 

_■■■  1 

— 

1 

r 

— 

. 

Ml- 

mmm 

MMMM 

MMMMI 

■MM 

MMMMI 

MMMMI 

MMMM 

Mi 

■M—M 

Mi  Mi 

Ml 

im^mhmi 

mmmmmmt 

■MMi 

■MMMM 

HHIMI 

HM 

■MMI 

MMMMM 

MMMMI 

MBHM 

tmmmm 

■■MMM 

MH— 1— 1 

■■MMI 

mmm 

jmmmt^m 

: 

■mmmmm 

■M 

MMM 

MMMMM 

MMMMM 

MMMMMI 

■MM 

MMMM 

MBM— 

MI^^M 

MMi 

■hi^mm 

^mimmi 

- 1 

" 

mmmh 

mmmmm 

MMMMMI 

MMM 

MMI 

MMMMI 

MMMMM 

■■■ 

MMM 

■MMMM 

MMM 

mmmmt 

R^HMRMM 

— 

; 

M— 

MMMMM 

MMMM 

MMIMMi 

■■■ 

■MHM 

MMMM 

MMMM 

MMMMI 

MMMM 

mmmmm 

■—  1 

' 

itmmmmm 

MM 

■MM 

—— M 

MMM 

MMMIMI 

MMMM 

MMH 

^m^m 

— — 

MMM 

■MM 

M^M— 

■M^^M 

■M^BBH 

HRH^MMI 

MMMM 

— 

- 

i 

lL 

mmmmmi 

— 

mmmmm 

MMM 

HMMMMM 

MMI 

■mm 

mmm 

■■MMM 

■■MM 

MMBBMIi 

■MR 

mmmmmm^t 

^MMp 

— nl 

“ 

■ 

MM| 

ss 

MM 

MMMMM 

MMMMI 

MMM 

MMMMMM 

M^MHM 

M^^^M 

■MMM 

MMI^M 

■MMM 

MMM 

— 

31/32 


CONFIDENTIAL 


UNCLASSIFIED 


Po*  was  obtained  by  two  methods.  The  first  was  by  correcting  the  average 
of  the  two  injector-end  chamber  pressure  readings  for  stagnation  pressure 
loss  from  head-end  to  the  nozzle  entrance.  It  was  assumed  that  the  gas 
velocity  across  the  injector  end  pressure  taps  was  zero  and,  therefore, 
they  were  reading  head-end  stagnation  pressure.  Further  assuming  that 
combustion  in  the  cylindrical  chamber  was  a  Rayleigh  process  with  heat 
generation  but  no  friction,  the  static  pressure  loss  due  to  combustion  can 
be  calculated.  The  new  nozzle  entrance  static  pressure  was  then  isentro- 
pically  corrected  to  stagnation  conditions.  Secondly,  the  nozzle  entrance 
pressure  readings  were  corrected  for  static  to  stagnation  differences  due 
to  gas  velocity.  Both  correction  methods  assume  that  combustion  is 
complete  at  the  nozzle  entrance  and  that  nozzle  flow  is  isentropic.  If  all 
the  assumptions  were  valid,  the  two  correction  methods  would  give 
identical  throat  stagnation  pressures.  If  combustion  is  not  complete  at 
the  nozzle  entrance,  the  two  corrected  pressures  will  not  be  equal,  and 
the  corrected  nozzle  entrance  pressures  would  be  higher  than  the  corrected 
injector-end  pressures.  However,  the  injector- end  pressure  corrections 
are  partially  self- compensating  when  there  is  incomplete  combustion  and 
give  a  more  accurate  corrected  stagnation  pressure.  This  inejctor-end 
corrected  stagnation  pressure  was  used  as  the  primary  indicator  for 
combustion  efficiency  although  the  nozzle  entrance  pressure  was  also  listed 
in  Table  II  for  comparison.  The  selection  of  this  pressure  is  further 
supported  in  that  the  calculated  thrust  coefficient  and  efficiency  more 
closely  agree  with  the  expected  nozzle  efficiency  for  this  15  half-angle 
conical  nozzle  when  the  injector -end  corrected  stagnation  pressure  is  used 
to  calculate  C#  efficiency  and  applied  to  the  measured  Isp  efficiency  to 
back  out  Cp  efficiency. 


(U)  The  thrust  coefficients  were  calculated  from  Cp 
(U)  The  Cp  efficiency  was  determined  from  %  Cp  = 


p  A* 
c  t 


%  Isp 
%  C* 
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(U)  Flow  rates  were  obtained  from  single  turbine  flowmeters  using  water- 
flow  calibrations  without  corrections  for  thermal  effects  on  geometry. 


(U)  Figure  15  shows  the  delivered  Isp  of  the  first  development  injector 
configuration,  oxidizer  ring  1  and  fuel  ring  1  (see  Tables  I  and  II ) 0  The 
peak  performance  that  was  achieved  occurred  at  a  mixture  ratio  of  1. 75. 

The  fuel  gap  was  reduced  by  the  substitution  of  fuel  ring  2  prior  to  Run  16, 
in  order  to  obtain  the  maximum  performance  in  the  design  mixture  ratio 
band  of  2.  3  to  2.  9.  Unsatisfactory  performance  was  still  achieved  within 
the  desired  mixture  ratio  band  on  Runs  16  and  17,  although  the  performance 
curve  was  apparently  shifted  to  a  higher  MR.  Oxidizer  ring  1  was  therefore 
modified  according  to  Figure  4,  in  an  attempt  to  increase  oxidizer  and 
fuel  mixing  by  decreasing  the  oxidizer  momentum.  The  results  ere  shown 
in  Figure  16.  The  performance  peak  has  shifted  to  a  mixture  ratio  of  2.  3, 
as  desired.  At  higher  mixture  ratio,  oxidizer  streaking  was  observed  in 
the  exhaust  plume  which  indicates  the  oxidizer  momentum  was  still  too 
high  to  insure  proper  mixing. 
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Percent  Isp  Versus  Mixture  Ratio,  Oxidizer  Ring  1/Fuel  Ring  1 
and  Oxidizer  Ring  1/Fuel  Ring  2 


Figure  16.  Percent  Isp  Versus  Mixture  Ratio,  Oxidizer  Ring  lA/Fuei  Ring 
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(U)  Oxidizer  ring  2,  a  48-element  configuration  (see  Figure  5),  was  chosen 
with  lower  momentum  ratio  and  a  higher  percent  fuel  blockage.  Significant 
improvement  in  performance  was  not  gained  by  using  the  DEV-1  chamber, 
as  shown  in  Figure  17,  although  the  performance  peaks  at  a  higher  mixture 
ratio.  The  sharp  drop  in  performance  during  Run  27  indicates  that  proper 
mixing  is  still  not  being  achieved  at  high  mixture  ratios.  Run  28  was  a  low- 
chamber-pressure  test,  with  a  low- oxidizer-injection  pressure.  The  upper 
curve  will  be  discussed  later  in  the  text. 

(U)  The  next  configuration  tested  was  oxidizer  ring  IB  (see  Figure  4) 
which  was  obtained  by  modification  of  oxidizer  ring  1A.  The  effect  of  the 
secondary  oxidizer  orifices  upon  fuel  and  oxidizer  mixing  was  to  be 
determined  by  this  modification.  The  performance  efficiency  increased 
slightly  in  the  DEV-1  chamber,  as  shown  in  Figure  18.  This  configuration 
was  then  tested  with  the  longer  checkout  chamber  1A  (nozzle  exhaust  cone 
half-angle  of  20°).  The  effect  of  the  L*  increase  is  seen  in  the  performance 
curve  on  Runs  33  and  34.  The  dashed  line  was  obtained  by  multiplying  the 
performance  efficiency  of  Runs  33  and  34  by  the  ratio  of  the  experiemental 
thrust  coefficient  efficiencies  for  the  development  and  checkout  thrust 
chambers.  The  effect  of  the  DEV-1A  chamber  is  seen  in  the  upper  curve. 
The  performance  improved  significantly  in  all  configurations  in  which  it 
-was  used,  indicating  that  the  combustion  process  is  vaporization  limited. 
The  L*  increase  effects  should  be  seen  throughout  the  mixture  ratio  band, 
and  the  performance  should  increase  by  the  same  increment  along  the 
curve  if  vaporization  were  the  only  major  factor.  Instead,  the  shorter 
thrust  chambers  apparently  restrained  the  secondary  mixing  process 
resulting  in  poor  performance  at  momentum  ratios  greater  and  less  than 
optimum;  whereas  the  longer  DEV-1A  chamber  allowed  sufficient  secondary 
mixing  to  provide  maximum  performance  over  a  wide  range  of  mixture 
ratios.  At  the  optimum  momentum  ratio  an  increase  of  2  1/2%  was  seen 
in  performance  due  to  increased  vaporization.  Oxidizer  ring  IB  and  fuel 
ring  2  with  the  DEV-1A  chamber  was  the  best  performing  configuration 
(see  Figures  18  and  20). 
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MIXTURE  RATIO 

Figure  17.  Percent  Isp  Versus  Mixture  Ratio,  Oxidizer  Ring  2 /Fuel  Ring 


Checkout  •  I  A  Ch.tmbci' 
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MIXTURE  RATIO 

Figure  19.  Percent  Isp  Versus  Mixture  Ratio,  Oxidizer  Ring  3/Fuel 
Ring  2  and  Oxidizer  Ring  4/Fuel  Ring  2 


cISI  XN3DH3d 
42 


CONFIDENTIAL 


Figure  20.  Percent  Isp  Versus  Mixture  Ratio,  Summary  Curve 
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(U)  Oxidizer  ring  3,  as  seen  in  Figure  6,  was  evaluated  to  determine  the 
relation  between  the  number  of  primary  and  secondary  orifices  and  the 
percent  fuel  blockage.  Figure  19  shows  the  results.  At  higher  mixture 
ratios,  the  secondary  mixing  efficiency  is  reduced  causing  poor  perform¬ 
ance.  The  most  significant  effects  upon  performance  were  the  added 
chamber  length  and  the  increase  in  secondary  mixing  of  the  fuel  and 
oxidizer. 


(U)  Oxidizer  ring  2  and  oxidizer  ring  3  were  also  tested  with  the  longer 
DEV-1A  chamber  to  determine  the  relative  effect  upon  performance.  It 
was  observed  that  the  L*  parameter  accounts  for  2  to  3%  increase  in 
performance  over  the  mixture  ratio  range. 

(U)  A  final  configuration  was  evaluated,  oxidizer  ring  4  (see  Figure  7), 
which  achieved  very  low  performance  (see  Figure  19).  Relocation  of  the 
oxidizer  secondary  orifices  and  the  addition  of  an  internal  oxidizer 
orifice  flow  were  injector  changes  implemented  simultaneously  on  this 
configuration,  and  the  independent  effects  of  each  upon  performance  cannot 
be  ascertained. 

(U)  The  thrust  coefficient  efficiency  observed  in  these  tests,  seen  in  Fig¬ 
ure  21,  agrees  within  ±1%  of  the  predicted  value  as  stated  in  Reference  3. 

(U)  Detailed  examination  of  the  injector  fuel  manifold  pressure,  chamber 
pressure,  and  fuel  flow- rate  data  presented  in  Table  II  indicates  a  step 
reduction  in  discharge  coefficient  for  the  annular  fuel  orifice  between 
tests  16  through  28  and  30  through  46.  The  observed  shift  is  peculiar  to 
the  fuel  orifice  (F-2)  and  is  not  revealed  in  analysis  of  the  oxidizer  side 
data  for  these  tests.  Subsequent  analysis  of  the  fuel  feed  system  data 
(Appendix)  validated  the  accuracy  of  the  fuel  flowmeter  and  suggest 
partial  physical  blockage  of  the  fuel  orifice  during  tests  30  through  46. 
Fosttest  inspection  of  this  fuel  ring  did  not  reveal  evidence  of  fuel  orifice 
blockage.  Although  this  conclusion  casts  doubt  upon  Die  validity  of  the 

43 

CONFIDENTIAL 


CONFIDENTIAL 


Figure  21*  Percent  G  -  Efficiency  Versus  Mixture  Ratio 
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maximum  specific  impulse  efficiencies  observed  with  this  hardware,  the 
relative  characteristics  of  the  higher  performing  injectors  are  still  valid 
because  all  were  evaluated  with  fuel  ring  2. 

(U)  However,  the  effect  on  delivered  performance  due  to  an  interference 
in  the  annular  fuel  orifice  is  considered  minimal  for  two  reasons. 

(U)  An  obstruction  lodged  in  the  fuel  gap  would  distort  the  local  mixture 
ratio  distribution,  but  would  also  increase  the  injection  velocity.  These 
two  effects  are  somewhat  nullifying,  therefore  the  overall  effect  upon 
performance  is  minimized. 

(U)  Any  blockage  of  the  fuel  annular  area  increases  the  fuel  momentum 
for  any  fixed  flow  rate.  Consequently,  if  the  performance  is  mixing 
limited,  the  maximum  performance  should  occur  at  a  different  momentum 
ratio  (mixture  ratio).  This  should  be  apparent  in  the  performance  plot 
for  the  injector  configuration  02/ F2,  since  it  was  tested  with  high  and  low 
apparent  discharge  coefficients.  Figure  17  shows  no  significant  shift  in 
optimum  mixture  ratio  between  the  two  test  series  (Runs  16  through  28 
and  Runs  30  through  46)  indicating  that  any  blockage  had  little  effect  upon 
delievered  performance. 

2.  STABILITY 

(U)  Nondirectional  bombs  and  radial  and  tangentially  oriented  pulse  guns 
were  utilized  to  rate  injector  dynamic  stability  during  selected  tests. 

High- frequency-response  pressure  data  obtained  from  flush-mounted 
Model  352A  Photocon  transducers  (Figure  10)  were  recorded  on  magnetic 
tape  at  60  in/sec.  This  data  was  used  to  generate  oscillograms  by  playrng 
back  the  tape  at  one-eight  recording  speed  and  running  the  oscillograph  at 
40  in/sec  paper  speed.  This  produced  oscillogram  records  with  an 
equivalent  data  speed  of  320  in/sec. 
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(U)  The  identification  (mode  and  frequency)  of  chamber  pressure  oscil¬ 
lations  of  interest  was  accomplished  by  using  the  high-speed  playback 
oscillograms  described  above.  Selected  natural  characteristic  frequencies 
for  the  DEV-1A  thrust  chamber  are  shown  in  Table  III,  assuming  complete 
equilibrium  combustion.  To  correct  for  combustion  efficiency  effects, 
the  natural  frequencies  should  be  degraded  by  the  C-':  efficiency.  Table  IV 
presents  a  summary  of  the  stability  test  data  for  this  test  series.  The 
magnitude  of  the  artificially  induced  disturbance  for  each  test  is  indicated 
by  the  AP  max/Pc  parameter,  where  AP  max  is  the  maximum  amplitude 
recorded  by  any  one  of  the  four  chamber-mounted  photocons  as  measured 
from  the  unfiltered,  high-speed  oscillogram.  The  typical  frequency- 
response  characteristics  of  the  chamber  to  a  bomb  are  shown  in  Figure  22, 
for  Run  43.  This  oscillogram  was  produced  as  described  above,  but  the 
tape  playback  has  been  run  through  a  low- pass  output  filter  to  attenuate 
noise  above  5  hz  at  about  18  db  per  octave.  .Similarly,  Figures  23  and  24 
depict  response  to  radial  and  tangential  pulse  guns,  respectively. 

(U)  As  indicated  in  Table  IV,  all  artificially  induced  pressure  oscillations 
damped  within  40  milliseconds  without  damaging  effects  on  the  hardware. 
These  data  indicate  a  general  trend  of  asymptotically  increasing  (decreasing 
rate)  damp  time  with  increasing  AP  max/Pc  but  with  a  scatter  of±25%  in 
damp  time.  Although  larger  charge  sizes  induced  greater  overpressure 
regardless  of  the  rating  device  employed,  no  preferential  location  or 
orientation  for  greatest  overpressure  could  be  determined. 

(U)  Based  on  these  results  and  the  fact  that  none  of  the  TRW  development 
injector  tests  exhibited  spontaneous  high-frequency  combustion  instability, 
the  basic  250,000-lb  injector  concept  is  judged  to  be  stable.  However, 
dynamic  stability  was  verified  over  the  design  mixture  ratio  range  only 
within  ±10%  of  nominal  Pc. 
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(U)  TABLE  III 
NATURAL  FREQUENCIES 

100%  Performance  for: 

O/F  =  2.6 
Pc  =  300  psia 
Chamber  I.  D.  =  39  in. 

Chamber  Length  =  145  in.  (DEV-1A) 


MODE 

FREQUENCY  (Hz) 

IT 

690 

1R 

1430 

1L 

160 

2R 

2610 

2L 

1 

320 

i 
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STABILITY  TEST  DATA  SUMMARY 
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Figure  23.  Frequency  Response  to  80-grain  Radial 
Pulse  Gun,  Run  43  (5  kHz  Filtered) 
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3.  THERMAL 

(U)  To  determine  the  relative  trends  os.  the  thermal  environment  in  the 
chamber  and  throat  regions,  several  NANMAC  ribbon  thermocouples  were 
located  flush  with  the  internal  wall  to  obtain  the  internal  surface  temperature 
profile.  The  NANMAC  thermocouple  is  a  fast- response,  exposed- tip 
thermocouple.  Figure  25  depicts  the  theoretical  equilibrium,  adiabatic 
flame  temperature  trends  for  N^O^/UDMH. 

(U)  Figure  13  shows  the  location  of  the  thermocouples  used  during  Run  37, 
and  Figure  26  reflects  typical  internal  time/temperature  profiles. 

Although  ~he  temperature  was  not  measured  at  the  head-end  of  the  chamber, 
previous  temperature  data  from  Runs  11  through  46  indicate  that  the 
recovery  temperatures  ranged  from  220°F  to  250°F. 

(U)  The  effect  of  mixture  ratio  upon  the  time /temperature  profile  at  the 
nozzle  throat  plane  is  seen  in  Figures  27  and  28.  Due  to  unreliable 
temperature  data  at  the  desired  mixture  ratios,  oxidizer  ring  2/'fuel  ring  2 
is  the  only  configuration  presented  in  this  report,  but  the  trend  indicates 
a  possible  problem  at  higher  mixture  ratios  with  the  ablative  throat 
material  due  to  the  higher  temperatures  shown.  Figure  25  indicates  only 
a  50°F  flame  temperature  increase  for  the  mixture  ratio  range  covered 
by  this  data,  hence  the  much  higher  temperatures  indicated  by  Figure  28 
are  due  to  increased  local  heat  transfer,  characteristic  of  this  injector/ 
chamber  combination. 

(U)  The  data  presented  in  this  section,  however,  is  indicative  of  the 
observations  made  for  the  previous  TRW  development  firings  (Runs  1 1 
through  46). 
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SECTION  V 

HARDWARE  EVALUATION 

(U)  The  injector  and  thrust  chambers  were  fired  for  a  total  of  50  seconds 
during  this  test  series.  Visual  inspection  of  the  hardware  during  and 
following  the  test  series  indicated  no  major  damage  to  the  hardware.  The 
oxidizer  rings  did  incur  some  discoloration  and  very  slight  erosion  down¬ 
stream  of  each  primary  oxidizer  orifice.  The  HAVEG-41F  insulation  on 
the  pintle  tip  did  experience  some  minor  erosion,  although  it  was  not 
measured. 

(U)  All  three  thrust  chambers  experienced  very  minor  erosion  in  the 
throat  region;  otherwise,  the  ■  hambers  were  in  excellent  condition 
following  the  test  series.  The  average  throat  diameter  of  DEV-1  changed 
from  26.  052  inches  to  26.082  inches  during  the  22  firings.  The  CHK-1A 
chamber  was  fired  twice  with  negligible  throat  erosion.  The  average 
throat  diameter  of  DEV-1A  (.hanged  from  26.  009  inches  to  26.  033  inches 
during  the  11  firings.  Chambers  DEV-1  and  DEV-1A  had  a  slight  36- 
pointed  discoloration  pattern  on  the  head- end  of  the  dome,  but  the  chambers 
were  not  eroded  in  this  region. 
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SECTION  VI 

\ 

CONCLUSIONS 

(C)  It  is  apparent  from  the  test  results  that  it  is  feasible  to  fabricate, 
within  a  short  development  time  and  with  limited  funding,  a  250,  000-lbf- 
thrust  injector /chamber  assembly  which  is  dynamically  stable  and  achieves 
reasonable  performance.  The  minimum  performance  goal  of  88%  of  test- 
site  theoretical  Isp,  which  represents  90%  vacuum  Isp,  was  achieved 
during  this  test  series.  A  future  MCD/SLV  system  study  will  determine 
the  effect  of  absolute  engine  performance  upon  the  vehicle  potential. 


1.  L*  EFFECTS 


(U)  The  most  significant  parameter  which  affected  the  performance  of 
the  TRW  injector  concept  was  the  L*  increase  from  77  inches  to  130  inches. 

As  a  result,  the  maximum  performance  improved  2  to  3%.  The  specific 

c 

impulse  efficiency  of  the  highest  performing  injector  became  independent 
of  mixture  ratio  in  the  long  chamber,  whereas  this  parameter  displayed 
a  definite  peak  in  the  short  chamber.  This  observation  is  characteristic 
of  the  injector  configurations  tested  and  indicates  that  chamber  length 
affects  both  propellant  vaporization  and  secondary  mixing  efficiencies. 

2.  INJECTOR  ORIFICE  MOMENTUM  RATIO/ AP  (PRESSURE  DROP) 
RATIO  EFFECTS 

(U)  The  efficiency  of  the  secondary  mixing  process  is  greatly  dependent 
upon  the  proper  propellant  momentum  ratio.  Maximum  performance  at 
2.  6  mixture  ratio  for  the  best  injector  tested  was  achieved  at  oxidizer 
and  fuel  orifice AP's  of  121  and  66  psid,  respectively. 
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3.  STABILITY 


UNCLASSIFIED 


(U)  All  pressures  in  excess  of  100%  chamber  pressure,  artificially 
induced  by  pulse  guns  and  bombs,  damped  to  within  the  required  stability 
criteria  of  40  milliseconds.  Based  on  the  fact  that  none  of  the  TRW 
development  injector  tests  exhibited  artificially  induced  combustion 
instability  or  spontaneous  combustion  instability,  the  basic  250,  000-lb^ 
injector  concept  is  judged  to  be  dynamically  stable. 

4.  THERMAL  EFFECTS 

(U)  The  characteristic  time/temperature  profile  at  the  nozzle  throat 
plane  indicates  a  possible  problem  at  higher  mixture  ratios  due  to  the 
increasing  wall  recovery  temperatures  oDserved.  The  higher  wall 
temperatures  coupled  with  an  increasingly  more  oxidizing  environment 
create  a  more  severe  test  for  the  low-cost  ablative  liner  planned  for  use 
with  these  injectors. 

(U)  In  addition,  the  scaling  criteria  as  stated  in  the  text  have  been 
generally  validated  over  the  range  of  10,  000  lb^  thrust  to  250,  000  lb^ 
thrust.  This  is  evidenced  by  the  fact  that  the  final  250,  000-lb ^  chamber 
(DEV-1A)  length- to- diameter  ratio  (L/D)  approximates  the  predicted  L/D 
when  the  TRW  Lunar  Excursion  Module  thrust  chamber  (10,  000  lb^)  is  used 
as  a  starting  point  and  injector  changes  are  made  for  the  50  Hydrazine- 50 
UDMH  to  UDMH  fuel  substitution. 
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APPENDIX 

INJECTOR  FUEL  ORIFICE 
DISCHARGE  COEFFICIENT 
INVESTIGATION 


UNCLASSIFIED 
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APPENDIX 

(U)  The  discharge  coefficient  (Cj-j)  is  constant  for  a  fixed  area  annular 
orifice,  which  is  injected  with  a  constant- density  fluid.  Table  A-I  shows 
the  values  for  Runs  16  through  46.  Due  to  injector  pressure  oscilla¬ 
tions  during  Runs  20  and  21,  the  values  are  questionable.  The  annular 
fuel  sheet  thickness  was  0.201  inch.  The  relationship  used  to  calculate 

CD  WaS: 


■;  where 


Av/2gcAP 


INJP 


=  discharge  coefficient,  dimensionless 
W„  =  fuel  flow  rate,  lb/sec 

A  =  cross-sectional  area  of  fuel  annulus,  ft^ 
g  =  gravitational  constant,  32.  174  “-^—^2 
P  =  density  of  fluid,  lb/ft^ 

P  =  pressure  drop  across  the  orifice 


<PINJ  *  Pc>'  PSl 
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(U)  DISCHARGE  COEFFICIENTS  OF  FUEL  RING  2  AND  OXIDIZER  RING  2 


UNCLASSIFIED 
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(U)  Propellant  (UDMH)  temperature  variations  causing  density  changes 
are  negligible,  and  g  is  constant;  therefore,  any  discrepancies  in  the 
calculated  values  must  originate  from  (1)  erroneous  flow  rate  measure¬ 
ment,  (2)  erroneous  pressure  transducer  readout,  or  (3)  annular  orifice 
area  or  configuration  change, 

(U)  Based  upon  Figure  A-l,  the  fuel  flow  rate  measurement  and  the 
pressure  transducer  readout  are  valid  data.  Furthermore,  the  chamber 
pressure  readings  used  to  compute  the  injector  pressure  drop  (APj^j) 
can  be  considered  accurate  for  two  reasons.  First,  the  shift  observed  in 
the  fuel  injector  (see  Figure  A-2)  is  not  seen  when  the  same  plot  is  made 
for  the  oxidizer  injector  AP.  These  data  are  also  shown  in  Figure  A-2. 
Second,  the  same  shift  is  seen  in  the  fuel  systemAP  when  using  chamber 
pressures,  at  different  locations  on  the  combustion  chamber,  to  compute 
injectorAP  (see  Figure  A-3). 

(U)  The  logical  explanation  for  the  remaining  discrepancy  is  that  the 
step  shift  was  _aused  by  a  sudden  change  in  fuel  annular  area.  Apparently 
some  obstruction  of  unknown  origin  changed  the  effective  cross-sectional 
area  of  the  fuel  orifice. 
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Figure  A-l.  Tank  Pressure  Minus  Injector  Pressure  Versus 

Fuel  Flow  Rate 
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